ABSTRACT The rat retina is uniform and contains almost exclusively rods. Therefore the rat eye, when uniformly illuminated, produces a gross electroretinogram (ERG) which is simply related to the activity of the individual retinal sources of the ERG. Characteristics of ERG's are shown on an intensity scale of the average number of quanta absorbed per rod per stimulus flash obtained by direct accurate measurement of all quantities involved. An independent check on the accuracy of these measurements is applied to pigmentbleaching data reported by Dowling (1963). When ERG characteristics are placed on this scale it is found that: (a) The b-wave can usually be observed when fewer than one out of two hundred rods absorbs a quantum, the threshold being determined by the noise of the preparation. (b) Near threshold the bwave amplitude is proportional to intensity. (c) The a-wave appears when there are more than two to four absorptions per rod per flash. (d) The b-wave latency decreases with intensity, and the amplitude becomes proportional to the logarithm of intensity when fewer than one out of ten rods absorbs a quantum. This implies that the b-wave sources must combine excitation from more than one rod (probably more than seven). Therefore the b-wave cannot arise from independent rods or rod-blpolar synapses, but probably reflects activity of entire inner nuclear layer cells.
ent responses unless the retina is uniform in structure and is uniformly illuminated. The retina of the rat, according to Lashley (1932) , has quite uniform inner and outer nuclear layers (4-10 per cent in thickness) throughout most of the retina, and it does not contain a fovea. Moreover, it is essentially an all-rod retina (Lashley, 1932; Walls, 1934) . There are some receptors, possibly cones, which cause a slight Purkinje shift in the E R G from a pure rod rhodopsin spectral sensitivity to one slightly elevated in the red (Dodt and Echte, 1961) . Also, Granit (1941) found occasional ganglion cells with spectral sensitivity peaking at about 600 m # while most of the cells h a d peak sensitivity near 500 m/~; the X~,~x of rat rhodopsin in solution is 494 m/~. However, the contribution of this red-sensitive system to the E R G is slight at high intensities and entirely negligible at low intensities, especially when using green stimuli.
An accurate measurement of the retinal illumination was m a d e by illuminating a large fraction of the rat retina uniformly with a Maxwellian view, and by measuring the total light flux incident on the cornea, the a m o u n t of absorption in the ocular media, and the area of retina illuminated. Then, by counting the n u m b e r of rods per unit area, and measuring the fraction of light incident on the retina which is absorbed by the visual pigment, the n u mber of q u a n t a absorbed per rod in each stimulus flash was determined and related to the E R G evoked.
METHODS
All measurements were made on mature (200 to 300 gm) albino rats from the Harvard colony, with the exception of ERG's taken from one pigmented rat. ERG's were obtained from animals dark-adapted 12 hours or more, then anesthetized with nembutal (5 mg per 100 gm) injected intraperitoneally, and mounted on their sides with their heads taped into a molded head-rest. By drawing back the eyelids with sutures the eyeball was eased up from the socket exposing most of the eyeball, but exerting no undue pressure upon it. In this exposed position a cotton wick electrode (with saline solution leading to a chlorided silver wire) could be easily placed on the edge of the cornea, and the eyelids could not short out ERG currents. The indifferent electrode was placed in a small cut in the cheek. If the respiratory passages of the rat remained clear, the peak-to-peak noise level of this preparation was between 5 and 15 microvolts, and the rat remained anesthetized for about 1 hour. No significant changes in the ERG occurred during this time, nor as the level of anesthesia diminished near the end of the experiment. Therefore the effect of the nembutal on the ERG was considered negligible.
The signal from the electrodes was amplified by either a Grass P5 AC or a P6 DC preamplifier. The 0.75 second time constant of the AC preamplifier caused negligible distortion in the ERG characteristics reported here. The signal was displayed and photographed on a tektronix 502 oscilloscope, triggered by a photocell placed to catch stray light from the stimulus beam. The light source was a 100 watt zirconium
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arc with a stabilized voltage supply, A parallel beam from the arc passed through a camera shutter and a pair of opposed circular photographic wedges with an optical density range of 5. Supplementary neutral density filters and interference filters could also be placed in the beam. The beam was focused by an eyepiece onto the lens of the rat's eye to yield a Maxwellian view. Homatropine (2 per cent) was used to dilate the pupil.
Scattered light caused considerable distortion of the E R G unless the angular field of view exceeded 60 ° . Both the shape of the curve of b-wave amplitude versus intensity and the interval between a-wave threshold and b-wave threshold changed markedly as the field size was reduced below this value. To minimize this distortion an eyepiece was constructed which produced a 110 ° visual field with satisfactory uniformity using two condensing lenses. Even though this eyepiece illuminated about one-half of the retina, scattered light falling on the unilluminated area produced sizable distortions when the intensity was greater than about 500 times the threshold intensity.
Though it was necessary to use a Maxwellian view to make the light flux measurement, another technique was employed to obtain uniform retinal illumination over the entire retina and thus to obtain ERG's undistorted by scattered light. One-fourth of a ping-pong ball was placed over the eye, and the uniform central region of the stimulus beam was directed onto it. The ping-pong ball curved enough to fill the entire visual field but not enough to become too oblique to the incident light. The celluloid of a ping-pong ball diffuses light considerably better than does ground glass. Retinal illumination by this means probably varied less than 35 per cent over the retina and was thus comparable to the anatomical uniformity of the rat retina.
In the first two decades of intensity above b-wave threshold, the 1 I0 ° Maxwellian view, as well as a uniformly illuminated piece of doubly ground glass placed close to the eye, produced the same b-wave amplitude curve as the ping-pong ball. Also, the interval between the b-wave threshold and the a-wave threshold differed only slightly among these three methods. Therefore it seemed reasonable that an absolute intensity scale could be obtained for ERG's produced with a ping-pong ball by sliding the b-wave amplitude curve along the intensity axis until it matched the b-wave amplitude curve obtained with the calibrated Maxwellian view. The curves could be aligned to within 4-0.1 log unit over the entire intensity range between b-wave threshold and a-wave threshold.
Calibration Procedure
The number of quanta incident on the eye was determined by calibrating a thermopile against a lamp recently calibrated by the National Bureau of Standards for total radiated energy. Because the light from the 110 ° eyepiece converged too near it to direct it onto the thermopile, a photocell covered with doubly ground glass was calibrated against the thermopile for the 502 m~ light from an interference filter used for the stimulus. A set of neutral filters calibrated on a Cary model 11 recording spectrophotometer was used to adjust the intensity of the beam. The optical wedge was used to fill in the gaps of the filter set and was thus used only in the lower density region where it could be accurately calibrated with a photocell.
The duration of the stimulus flash was measured on the oscilloscope and set to have an effective length of 20 msec. This duration is shorter than the integrating duration of the E R G (the interval within which intensity X time remains constant in producing a constant response) which was found to be about 30 msec. For stimuli of shorter duration the maximum amplitude of the b-wave is primarily a function of the total light flux of the stimulus (I X t), while for longer durations it is primarily a function of the intensity alone. Thus, for a stimulus duration of 20 msec., the total effective flux of light incident on the cornea per stimulus flash is equal to the product of the beam intensity in quanta per second times the flash duration.
The fraction of light incident on the cornea that is absorbed by the ocular media was determined by cutting a window through the sclera and retina at the back of a freshly enucleated eye partially mounted in gelatin, and placing the eye in a narrow parallel beam of green light. The resulting loss of intensity in the beam was measured with a photocell. The photocell was first masked except for a small hole slightly larger than the emerging beam and then unmasked to obtain a rough measurement of the amount of scattered light. The mean for three eyes was 88 -4-4 per cent transmitted, 12 -4-4 per cent absorbed and reflected. (The error limits mentioned here and elsewhere are the estimated maximum probable errors.) The lens from the eye of a rat is transparent and colorless.
The area illuminated by the 110 ° Maxwellian view was determined by placing freshly enucleated eyes at the focal point of the eyepiece and measuring the illuminated area of the sclera. In albino rats the sclera is almost transparent and is thin enough to allow equating retinal area to sceral area with negligible error. For the rats used in the calibrated runs the total area of the retina was 42 -4-4 m m ~, and the area of retina illuminated was 17 -4-2 m m ~.
The number of rods per square millimeter of retina was determined by excising retinas from rats of sizes similar to those used in the calibrated runs, placing them receptor side up under a "high dry" objective in a microscope fitted with a reticle, and making surface counts of the number of rods per unit area in those parts of the retina where the rods had not been disturbed. No variation in the rod density was noticed in the central two-thirds of the retina. The average number of rods per square millimeter for six rats was (40 q-5) X 104. This gives 2.5 X 10 -6 m m ~ occupied per rod which agrees reasonably with the rod dimensions compiled and reported by Lashley (1932) . Allowing for a slight decrease in rod density in the periphery this figure yields 15 X 106 rods per retina in good agreement with the 14 X 10 e rods per retina reported by Lashley. The number of rods illuminated by the 110 ° Maxwellian view was therefore 17 X 40 X 104 --6.8 X 106.
The number of quanta incident on the retina which were absorbed by these rods was determined from retinal density measurements made by Mr. Paul K. Brown on a recording microspectrophotometer described elsewhere (1961) . Several carefully excised retinas from fresh, fully dark-adapted eyes were placed receptor side up in a small beam of light that illuminated several thousand rods from beneath. The light which passed through the retina was collected by a wide angle microscope condenser and sent to a Cary model 14 recording spectrophotometer. Dim red light was used in the dissection and in positioning the beam to illuminate only those areas of the retina where the rods were lined up and undistorted. After measuring the absorption spectrum of the dark-adapted retina, the retinas were thoroughly bleached and the change in the absorption spectrum was determined. This difference spectrum of the pigment bleached away matched appropriately the absorption spectrum of rat rhodopsin in solution, and also the spectral sensitivity of the rat ERG (Dodt and Echte, 1961) . Second and third bleaches and absorption spectra were recorded to make certain that all of the pigment was bleached, and in some cases hydroxylamine was added to the retinas to make certain that no pigment regeneration occurred. Thus the difference spectrum yielded an accurate measure of the fraction of incident light which was absorbed in passing once through the darkadapted retina. The mean for several rats at 500 m~ was 23 =k 3 per cent absorbed. This is less than half the value reported by Lewis (1957) , who measured the change in the absorption spectrum of the whole rat eye by placing a photocell behind the sclera and illuminating the retina with a Maxwell±an view. He obtained a maximum of 50 per cent absorbed at 500 mg (by extrapolation from 480 m~,). There appears to be no good reason for this large discrepancy.
R E S U L T S Several series of E R G ' s p r o d u c e d with the 110 ° calibrated Maxwell±an view were recorded from each of four albino rats and, for comparison, from one black-eyed hooded rat. T h e rats were removed and replaced u n d e r the eyepiece between series because it was not possible to make entirely certain whether the eyepiece was placed correctly within the small region where it would produce the desired uniform retinal illumination. Most of the series p r o d u c e d essentially identical data for a given rat. Occasionally, however, a series would differ from others taken with the same rat, and in these cases the differing series would be discarded on the assumption that the eyepiece was misplaced.
T h e amplitudes of the a-wave and b-wave, measured from the baseline to the point of greatest excursion, are shown in Fig. 1 . Intensity is plotted in terms of the average n u m b e r of q u a n t a absorbed per rod in a single flash. It was obtained from the product: (quanta per second incident on the cornea) X (flash duration in seconds) X (fraction of light incident on cornea transmitted to the retinal surface) X (fraction of light incident on the retina absorbed by the visual pigment) all divided by ( n u m b e r of rods per unit area) × (retinal area illuminated). A careful analysis of all the errors involved in determining this scale suggests that the assigned value is most likely within -4-0.2 log unit of the true value; i.e., -4-45 per cent. This m a x i m u m expected error is depicted by the heavy bar on the intensity scale at log (intensity) = 0. T h e error limits of every m e a s u r e m e n t m a d e were held to a b o u t -4-10 per cent or less, and the resulting over-all a c c u r a c y is a b o u t as great as can be reasonably achieved due to the n u m b e r and nature of the measurements.
The microvolt scale in Fig. 1 was slightly altered for each rat to make the data easier to compare by adjusting the straight-line portion of each b-wave amplitude curve so that it had a slope of 250 #v per log unit of intensity. T h i s a l t e r a t i o n i n the a m p l i t u d e scale is e q u i v a l e n t to c h a n g i n g the resistance of the p a t h followed b y the e x t e r n a l E R G c u r r e n t s , or c h a n g i n g the p l a c em e n t of the c o r n e a l electrode. I t does n o t a l t e r the s h a p e of the E R G or the i n t e n s i t i e s at w h i c h c h a n g e s of s h a p e occur. I t is clear t h a t the d a t a f r o m all rats fit together. A l m o s t all p o i n t s lie w i t h i n 0.1 log u n i t of a single e m p i r i c a l c u r v e , b -w a v e a m p l i t u d e = 250 # v )< log (10 I + 1), in the first t h r e e decades above b-wave threshold. Thus the variations of the experimental equipment plus the individual variations of the rats lead to a combined variation of less than 4-25 per cent in the intensity at which particular characteristics appear. M a n y other rats have been observed with this equipment with the same consistency of response. The points from the hooded rat lie slightly to the right of the others, perhaps indicating lower effective intensity due to less intraocular reflection, but the data from this hooded rat overlap with points from an albino rat measured during the same experimental run. Thus the effect of scattered light in albino eyes in this intensity range is probably no more than 10 per cent. At higher intensities, slightly larger differences occur between ERG's from the pigmented and the albino eye, probably because scattered light makes a relatively larger contribution to the E R G at high intensities.
A representative selection of oscilloscope photographs obtained from one rat is also shown in Fig. 1 . Multiple ERG's were photographed at low intensities to cancel out part of the noise. In this way amplitudes down to 5 #v could be reliably measured in the presence of a peak-to-peak noise level of 10/~v. The inset in Fig. 1 gives the Poisson distribution of the fraction of rods, f,, absorbing i, 2, 3, or 4 quanta per flash. Because the number of illuminated rods was so large (6.8 X 108), the Poisson distribution accurately describes the distribution of quantum absorptions in the rods except for distortions due to non-uniformity of the retina and the retinal illumination. Dodt and Echte (1961) have published b-wave amplitudes of the rat E R G obtained with an illuminated opal glass disc as a stimulus. They made a careful measurement of the disc luminance and calculated the retinal illumination using measurements of the optical properties of the rat eye. Using this calculation of the retinal illumination, Brown's measurement of the retinal pigment density, the present measurements of ocular media absorption and number of rods per unit area, and accounting for differences in stimulus duration, a similar intensity scale can be placed on Dodt and Echte's b-wave amplitude graph. In the lower intensity range their curves have the same shape as the one reported here, and the position at which log (/) --0 on their graphs is shown in Fig. 1 by a bracket placed in the same position relative to the calibrated b-wave amplitude curve. In a calculation so indirect, the m a x i m u m error could be as large as 0.5 log unit, but the resuits fall within 0.1 log unit of each other. The present measurement of retinal illumination is therefore in satisfactory agreement with the measurement by Dodt and Echte. However, while the b-wave amplitude curves were similar in the low intensity region, no great difference in the b-wave amplitude at high intensities between albino and pigmented rats such as they report was observed.
Besides this indirect check of the measurement of retinal illumination an entirely independent check can be applied to the accuracy and correctness of the whole calibration by predicting on the basis of this calibration the fraction of pigment bleached as a function of intensity and bleaching time.
In an accompanying paper, Dowling (1963) reports the fraction of pigment bleached in 5 minute exposures to various intensities of light, using freshly enucleated eyes of rats from the same colony. The dark-adapted eyes were placed under one-third of a ping-pong ball, exposed to light, and then the pigment remaining was extracted to obtain a measure of the fraction of pigment bleached at each intensity of the bleaching light. The intensities were calibrated with b-wave amplitude curves procured from live rats whose eyes were placed in the same position as the enucleated eyes. These curves were matched to the calibrated b-wave curves described above to obtain an intensity scale in terms of the number of absorptions per rod per second. Dowling (1962) has previously reported that he extracts from these eyes 4.8 X 1014 molecules of rhodopsin per eye. Dividing this number by the number of rods in the eye yields 3.2 X 107 rhodopsin molecules per rod.
Assuming that (a) the bleaching process is a first order reaction, (b) no regeneration takes place in freshly enucleated rat eyes, (c) the rhodopsin extracted includes all rhodopsin in the retina, (d) the quantum efficiency for bleaching is 1, i.e. the number of molecules bleached equals the number of quanta absorbed, and (e) absorption is linearly proportional to the pigment concentration, then the fraction of pigment, P, remaining after time t, is P = e -I t / N where N is the number of molecules per rod and I is the number of quanta absorbed per rod per second. This is the curve drawn in Fig. 2 for the predicted fraction of pigment present based on these assumptions and measurements. Because the number of rods per unit area is used in determining both I and N, this measurement is not involved in the prediction. It is the only measurement in the calibration procedure which is not so included. The curve fits the points satisfactorily, but the fit is improved by a small correction to account for a fraction of pigment (about one-sixth) which remained even at the highest bleaching intensity. Most of this remaining pigment was probably regenerated during the bleach and in the following few minutes until the extraction procedure halted any further regeneration. On the graph the scale for P, the predicted fraction of pigment, was diminished by one-sixth so that P = 0 matched the smallest extinction measured. This is an appropriate correction if the pigment regenerated was proportional to the pigment bleached. The predicted intensity for half-bleaching is moved only 0.1 log unit relative to the experimental points by this correction.
The similar slopes of the experimental points and the predicted curve suggest that there was little non-uniformity in the illumination of the pigment.
If the retinal illumination was not uniform, or if the illumination of the pigment within the rod outer segments was not uniform, the range of intensity in which most of the bleaching occurred would be larger than predicted. For example, if the light was concentrated on the center of the retina leaving the periphery in shadow, or similarly, if the waveguide modes (Enoch, 1961) in which the light passed through rod outer segments concentrated the light strongly in certain regions of the outer segments leaving other regions in comparative darkness, the over-all bleaching rate would be unchanged at low intensities because the fraction of light absorbed by the pigment would be the same. But when the pigment in the regions of concentrated light bleached away, the effective density of the remaining pigment would be reduced, and relatively higher light intensities would be required to bleach a given fraction of pigment. Thus the slope of the pigment-bleaching curve would decrease. A similar argument, which applies if the pigment is dense enough to produce a significant amount of self-screening, also leads to the same result. However, the slope of the experimental points in Fig. 2 is, if anything, greater than the predicted curve except at the highest intensities where regeneration probably becomes most important. Therefore, within the accuracy of the data, this suggests that all pigment was uniformly illuminated. This argument only applies to the uniformity of illumination because, to a first approximation, the slope of the bleaching curve is not affected by the distribution of the pigment in the retina, nor by any lightgathering action of the rod inner segments. log Intensity FmLr~ 3. ERG profile of one dark-adapted albino rat using a ping-pong ball for a visual field, 20 msec. flash, 502 m# light. The intensity scale was obtained by matching the b-wave amplitude curve at low intensities to the calibrated curve in Fig. 1 . Measuring uncertainties are denoted by the vertical bars.
profiles contain the same features there is e n o u g h variation a m o n g rats in the magnitudes of the latencies and in the a-wave amplitudes to m a k e superpositions of several profiles less meaningful t h a n a single self-consistent profile.
The A-Wave
T h e a-wave can be followed d o w n to a b o u t log (/) = 0 using the ping-pong ball for a visual field. W i t h the 110 ° Maxwellian view or with a n y smaller visual fields or longer stimulus durations the threshold is somewhat higher. T o d e t e r m i n e the lowest intensity at which the a-wave appears, the b-wave was selectively and reversibly abolished by collapsing the retinal blood vessels in the optic nerve. This was accomplished by inserting a small wire hook through a cut in the conjunctiva, and hooking it onto the optic nerve. With no tension on the hook the E R G was normal. But slight tension on the hook collapsed the blood vessels in the nerve, and the b-wave would rapidly diminish and completely disappear, leaving the a-wave in the form of Granit's PIII. If the tension was released within a few minutes, the b-wave would reappear and usually recover its original size. However, if the tension was maintained, the isolated a-wave remained unchanged for longer than 20 minutes. This suggests, as pointed out by Brown and Watanabe (1962) , that the a-wave arises from the receptors, which are in contact with a separate blood supply in the choroid. The threshold of the isolated a-wave was about log (/) ---0.3, only slightly below the threshold of the normal a-wave. The latency and the initial slope of the isolated a-wave were the same as those of the normal a-wave. However, in the threshold region where the b-wave masks the normal a-wave, the latency of the isolated a-wave increased rapidly as the threshold was approached. Also, the amplitude of the isolated a-wave decreased rapidly making a sharp and definite threshold. Together these characteristics suggest that this threshold cannot be lowered much further by any variation in the experimental procedure. Why the a-wave does not appear until a large fraction of the rods is excited is not clear. One possibility is that the a-wave current circulates within the retina at lower intensities, but when most of the receptors are excited some of it flows externally. However, this possibility is not supported by the rapid increase in latency near threshold. If the a-wave arises entirely from the rods and if each rod acts independently of its neighbors, then a second possibility is that a rod does not produce an a-wave unless it absorbs at least a certain minimum number of quanta per flash. The Poisson distribution of rods absorbing i to 4 quanta shown in Fig. 1 indicates that since the threshold of the isolated a-wave occurs at about log (I) = -0 . 3 , the minimum number of absorptions required would be 2 or 3, possibly 4.
The B-Wave
With the ping-pong ball the b-wave amplitude at a given intensity is about twice the corresponding b-wave amplitude produced with the 110 ° Maxwellian view, except at the highest intensities where scattered light closes the gap. This is a good illustration of the additive nature of the gross E R G because the area illuminated by the ping-pong ball is about twice as great. A comparison of these two curves also illustrates the marked effect that changing the size of the visual field has upon the b-wave amplitude curve. For fields smaller than 110 ° the change in the curve is even more striking because scattered light distorts the E R G at increasingly lower intensities.
The b-wave amplitude was measured from the baseline as shown in Fig. 3 , and is not corrected for its lowering by the opposed a-wave (Granit's PIII) . Thus the b-wave curve levels off when the a-wave arises. The dashed line indicates approximately what the b-wave amplitude would have been if the isolated a-wave amplitude, determined by means of reversibly abolishing the b-wave, were added to the observed b-wave amplitude. From threshold intensity to about log (/) = -1 (the intensity at which one out of ten rods absorbs a quantum), the b-wave amplitude is proportional to the intensity ) fits all points better than the 250 X log(10 X I + 1) curve drawn in Fig. 1 which is not included in this graph.
(see Fig. 4 ). Chaffee and Hampson (1924) reported that at low intensities the b-wave amplitude is proportional to the square root of the intensity, but they were unable to observe the b-wave in this low intensity range. Granit (1947) cautioned that the shape of the b-wave amplitude curves should not be considered important because of the subtractive influence of the a-wave on these curves. The present experiments make it clear, however, that if the eye is fully dark-adapted and there is no background illumination the a-wave is not present in the intensity range below log (I) = -0 . 3 , and has little effect on the shape of the b-wave curve until log (I) is greater than about 0.7 as illustrated by the dashed line in Fig. 3 . From log (I) = -1 to log (I) = 0.7 the b-wave amplitude is approximately proportional to the logarithm of the intensity. Both the latency of the peak of the b-wave (Pb) and the latency of the leading edge of the b-wave (Lb) as shown in Fig. 3 increase with decreasing intensity over most of the intensity range investigated, but they begin to level off when log (I) decreases beyond about -1.5. Thus when fewer than one out of ten rods absorbs a quantum in each flash the amplitude of the b-wave changes from a logarithmic to a linear relationship with the intensity, and when fewer than one out of fifty rods absorbs a quantum the latency of the b-wave begins to level off. Both these changes occur in an intensity range in which most rods either absorb one quantum or none The only b-wave characteristic which changes when m a n y rods begin to experience multiple absorptions per flash is the change of slope in the peak latency (Pb) curve near log (/) = 0.3.
D I S C U S S I O N

Accuracy of the Calibration
The discrepancy between the retinal density measurements made by Brown and by Lewis introduces an uncertainty in the accuracy of the calibration. This uncertainty is partly removed by the bleaching curve prediction and partly removed by the measurement of the amount of pigment extracted from these eyes. A careful analysis of the bleaching curve prediction suggests that the fit of the curve would be significantly poorer if more than 35 per cent or less than 15 per cent of the light incident on the retina is absorbed. Wald (1938) has reported that if the pigment he extracted from rat eyes were spread evenly over the retina, 13 per cent of the incident light would be absorbed. Dowling's extractions on the rats used in these experiments lead to a figure of 15 per cent. Multiplying the average of these two figures, 14 per cent, by 1.5 to account for pigment orientation in the rods (Hagins, 1954) leads to an absorption of 21 per cent. This would be increased by optical funneling by the rod inner segments, but only a small amount of funneling can occur in rat rods. Thus, both these approaches yield a figure in the neighborhood of 23 per cent, the value measured by Brown, which was used in the calibration. The close agreement between the present measurements and Dodt and Echte's measurement of the retinal illumination indicates that there are no hidden systematic errors in the light flux measurement. The satisfactory fit of the predicted curve for Dowling's bleaching experiments confirms that the scale indicates reliably the number of quanta absorbed in the retina per stimulus flash. The one remaining measurement, that of the number of rods in the retina, is in good agreement with Lashley's measurement. Thus the over-all calibration of the scale of quanta absorbed is confirmed on all counts by independent measurements, and is probably reliable within the estimated limits of error of 4-45 per cent.
Threshold of the B-Wave
One of the motivations for obtaining a scale of the quanta absorbed was to find out why the E R G threshold occurs where it does. An expanded graph of the b-wave amplitude curve in the threshold region is shown in Fig. 4 . The vertical bars represent the spread of points in the groups of points in Fig. 1 . The intensity scale is linear to display more clearly that the b-wave amplitude near threshold is proportional to intensity. The scale of the quanta absorbed makes clear why this should be the case, because in this range only a small fraction of rods absorbs a quantum in each flash. Consequently the number of excited rods is proportional to the intensity and, because the gross E R G represents the sum of the activity of its sources, the b-wave threshold occurs when enough rods absorb 1 quantum each to produce a b-wave comparable to the noise level of the experimental preparation. In the present experiments the b-wave in a dark-adapted eye could usually be observed when only one rod in 200 absorbed a quantum. By a rough comparison with the human visual threshold, which under the optimum conditions of large field and short stimulus durations occurs when about one out of 1,000 rods absorbs a quantum (Stiles, 1939; Brindley, 1960) , this b-wave threshold is equivalent to five times human visual threshold, and is probably no greater than ten times the rat visual threshold. Even at this low intensity, however, about 30,000 rods were excited, and it is because responses from all these rods are summated that the E R G is observable. Very near b-wave threshold not only is the b-wave amplitude proportional to intensity, but the latency of the b-wave, especially the latency of the peak of the b-wave, is independent of the intensity. This is also to be expected because merely increasing the number of active b-wave sources should not alter the latency of the gross ERG. However, when more than about one out of fifty rods are excited the b-wave latency begins to decrease, and when about one out of twenty rods is excited the b-wave amplitude begins to become proportional to log I as it is at higher intensities. It is possible though unlikely that the change in the dependence of the b-wave amplitude on the intensity could arise from changes in the additivity of the gross ERG. However, Brindley has shown (1960) that E R G linear additivity holds at higher intensity levels, and that the E R G does not depend on the perimeter-to-area ratio of the stimulus. The linearity of the b-wave amplitude near threshold implies that additivity is also linear at low intensities. Thus it is reasonable to assume that b-wave additivity does not depend on the intensity, and that the changes which occur in the character of the b-wave probably arise only from changes in the outputs of the sources of the b-wave.
Implied Source of the B-Wave
If the preceding statement is assumed, both of the following facts must imply that the b-wave cannot be produced directly by individual, independent rods: (a) The intensity-dependence of the b-wave amplitude changes from linear to logarithmic in an intensity range where only a small fraction of rods absorb even a single quantum per flash. (b) Starting with high intensities the latency of the b-wave depends on the intensity until fewer than one out of fifty rods absorbs a single quantum (and fewer than one out of 5,000 rods absorbs two or more quanta). In both of these cases the fraction of rods which absorbs more than 1 quantum in a flash is so small that, due to the additive nature of the ERG, any contribution that this small fraction of rods might give to the E R G would be masked by the contribution of the relatively large fraction of rods which absorbs 1 quantum. (This will be discussed more quantitatively below.) Throughout the intensity range of interest, then, the only rods which can contribute significantly to the E R G are the rods which absorb 1 quantum per flash. Therefore, if each rod were an independent source of the b-wave, the only intensity dependence that the b-wave could have would be a linearly increasing amplitude such as it has in the intensity range near threshold. However, if the source of the b-wave is a cell which monitors a large group of rods, the activity of this cell might well change in character even at these low intensities because the number of excited rods in this group would be a function of intensity.
There is substantial evidence (Brown and Wiesel, 1961; Noell, 1954 ) that the b-wave depends on a synapse, and that it arises in or mostly in the inner nuclear and outer plexiform layers. Each cell of the inner nuclear layer of an all-rod eye is certainly connected to or associated with a large group of receptors so that it is quite likely that such cells would respond to the combined activity of a group of receptors. What is primarily excluded by the above argument is an independent role by each rod in producing the b-wave. Also excluded from being a source of the b-wave would be the rod-bipolar synapses if the activity at each synapse depended only on the excitation of the rod, and not at all upon the over-all excitation of the bipolar. In effect, this leaves only entire inner nuclear layer cells or, at least, the entire dendritic tree of a single cell as possible sources of the b-wave.
To make the argument more quantitative it is convenient to consider a simple model for a cell serving as a source for the b-wave. For simplicity the sources of the b-wave may be considered to consist of a single typical cell which receives stimulation from a group of rods. Let R equal the number of rods in this group. The output of this typical b-wave source cell will then be a function of the combined excitation of all the rods in this group. At low intensities the fraction of rods absorbing n quanta is described by the Poisson distribution and consequently the distribution of source cells receiving a certain amount of excitation is also determined by the Poisson distribution of the absorbed quanta. L e t f , (see Fig. 1 ) equal the fraction of rods absorbing n quanta per flash at a given intensity where n = 0, 1, 2, . -. . Then the probability that a rod will absorb no quanta is fo, and the probability that a source cell will receive no stimulation is the product of the probabilities that each of the R rods will absorb no quanta; i.e., (fo) ~. The probability of a source cell receiving stimulation from only one absorption in its group of rods is R times the probability that any one rod will absorb 1 quantum, fi, multiplied by the probability that all the rest of the rods will absorb no quanta; i.e., R × f l X (f0)~-~. The probability that a source cell receives stimulation from more than a single quantum absorption in its group of rods is the remaining fraction; i.e., I -
Now, the lowest possible intensity at which such source cells could change the character of their output would be when they start to receive a significant number of multiple excitations. That is, when the fraction of source cells receiving two or more excitations becomes significant compared to the fraction of source cells receiving only one excitation, the latency of the output, for instance, could begin to decrease. Let C equal the ratio of multiply to singly excited source cells at which the change in characteristic could first be noticed. Then,
-q . ) . -R f l (f0) "-' = c R f~ (i0) ~-'
or,
-q 0 ) . = ( c + 1) g / i (I.) R-1
The constant C will depend on the characteristic observed, and will have to be estimated from the observed rate at which the characteristic changes and the nature of the E R G in the transition region. For a Poisson distribution of quantum absorptions in the rods, the fraction of rods absorbing no quanta is )Co -e -z, and the fraction of rods absorbing 1 quantum is f~ = I X e-', where I is the average number of quanta absorbed per rod per flash. The shape of the b-wave and the rate at which the latency of the peak of the b-wave decreases with intensity suggest that a change in the latency of the peak could be observed as soon as one out of every six of those source cells which are stimulated receives two or more excitations. In this case, then, C --}~, and (R X I) = 0.3. The peak of the b-wave latency, Pb, definitely begins to decrease before I = 0.05, (log (I) ----1.3). Therefore, if C = }~, R = 0.3/0.05 = 6. Thus, for the value of C assumed, the minimum number of rods per average group is 6.
If, as would be reasonable for a linear function which is becoming logarithmic, about half of the stimulated cells would have to receive multiple absorptions to complete half the transfer from linearity, then C = }~, and (R X /) -0.75. The b-wave amplitude completes half of this transfer at I = 0.16. Therefore R = 0.75/0.16 = 5, so the minimum number in this case, 5, is about the same.
The latency of the leading edge of the b-wave begins to decrease at such low intensities that the noise level present makes it difficult to estimate the value for C accurately. A conservative estimate of C = 1/~0 leads to a minim u m R of 10, but this value is less trustworthy than the above two estimates even though C is chosen to be so small.
Thus the smallest number of rods which a b-wave source cell must monitor is about 5 or 6. If the source cell combined excitation from a smaller group of rods the observed changes could not occur at such low intensities. All the estimates of the C values are conservative, and the minimum number is probably larger than 5. Consideration of a more precise, and therefore more hypothetical, model discussed below suggests that a more reasonable minim u m number of rods per average group is about 7.
Fatehchand et al. (1961) have reported an experiment on goldfish retinas which indicates that the signal from the cones which leads to the production of graded potentials in the horizontal (glial) cells is proportional to the stimulus intensity. The following model for a b-wave source cell treats the signal from the rods as proportional to the intensity and includes the effects of the Poisson distribution of the q u a n t u m absorptions on the shape of the b-wave amplitude curve Let the signal sent to the b-wave source cell from a rod be equal to g X n, where n is the number of quanta absorbed by the rod and g is a proportionality constant. To obtain the logarithmic propor-
tionality which the b-wave has at high intensities the source cell must transform the sum of excitation it receives from its R rods into the logarithm of that sum. Because the source cell responds only to the sum of excitation it receives, and because the rod signals are proportional to the number of quanta they absorb, the sum of excitation the source cell receives will be g × (the total number of quanta absorbed in its R rods), and it will transform this product logarithmically.
Because the rod signals are assumed to be linear, the total number of quanta absorbed in a group of R rods m a y be taken to be n, and the corresponding total signal from the group may be taken to be g X n if the Poisson distribution for n absorptions is evaluated at an intensity R times as great; i.e., at R X I. (This is equivalent to treating the group of R rods as one rod experiencing an intensity R times greater.) Thus f~ evaluated at an intensity R X I, which may be written f~(R X /), is the probability that a group of R rods will absorb a total of n quanta at an intensity I.
In this model, the source cell will transform the total signal from the rods, g X n, into log (g × n + 1). The + 1 is included to make the output of the cell zero when the input is zero. The gross b-wave amplitude will then be proportional to the sum of the outputs of all the source cells. This sum is ~_,,,f,,(R X /) X log (g X n + I). At high intensities f,,(R X /) becomes large only for values of n approximately equal to R X I. Therefore the b-wave will be proportional to log (g X R X I + 1) at high intensities. This function will fit the experimental points only if g X R = 10 (see Fig. 1 ). Imposing this condition on R and g, curves were calculated for R = 20, 10, and 1, and made to make the best fit to the experimental points below log (/) = 0, (I = 0 -1) by adjusting the amplitude scale for each curve. These are shown in Fig. 4 .
The curve generated by R = 20 and g = 1/~ fits all points best, but R = 10 and g = 1 generate a curve that might still be said to fit the points. Thus, for this model, the minimum number of rods per group is about 10. The possible error in the calibration of the intensity scale could reduce this minim u m number to about 7.
An estimate of the number of rods connected to each bipolar cell in the rat retina may be made by multiplying the ratio of rods to bipolars by the number of bipolars synapsed to each rod pedicle. From electron micrograms published by Dowling (1961) the rod-bipolar ratio in these rats is about 4 rods to 1 bipolar. Electron microscopy by Sj6strand (1958 Sj6strand ( , 1961 on the rodbipolar synapse in the guinea pig suggests that 1 to 3 bipolars attach to each rod pedicle on the average. Thus each rat bipolar probably monitors about 4 to 12 rods. These numbers agree satisfactorily with the above conditions, allowing bipolar cells to be possible b-wave source cells. Though this agreement between the minimum number estimates and the number of rods which a bipolar monitors is suggestive, other inner nuclear layer cells such as the horizontal cells, which p r o b a b l y respond to activity in m u c h larger groups of rods, also meet the conditions. Interconnecfions between a-and /~-type rods, as r e p o r t e d b y Sj/Sstrand (1958) allow the further, t h o u g h unlikely, possibility that the rods could be the source cells of the b-wave. In this case the synapse involved would be the interrod connection, and the s u m m a t i o n of activity in a group of rods would occur in each rod. However, this s u m m ation, which would m a k e a rod d e p e n d e n t on activity in its neighbors, must occur before the rod produces its b-wave. Such a m e c h a n i s m seems i m p r o bable at low intensities for single flashes. For example, if two neighboring rods each absorbed 1 q u a n t u m , the b-wave e a c h rod p r o d u c e d would have to have a shorter latency t h a n if only one rod absorbed a q u a n t u m .
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